Abstract
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Conclusions:
These results indicate that Ang II elicits a PIE through a dual mechanism via activation of AT receptors in rabbit diac hypertrophy and vascular remodeling in cardiovascular disorders such as congestive heart failure and w x myocardial ischemia 1,2 . While the regulation by Ang II had been considered to be achieved through activation of Ž . renal renin-angiotensin system RAS , it has recently become evident that local RAS in myocardial and vascular cells plays a crucial role in generation of Ang II and that Ang II is involved in the cardiovascular pathophysiological regulation in a manner much wider than has been postuw x lated previously 3,4 . Supporting the role of Ang II in pathophysiological regulation, the inhibition of RAS by Ž . angiotensin-converting enzyme ACE inhibitors or by an- however, are rather controversial partly because of a wide range of species-dependent variation of contractile regulation among mammalian cardiac muscle. Ang II elicits a Ž . positive inotropic effect PIE in mammalian ventricular w x w x myocardium including rabbit 10-13 and human 14 , and w x in chick heart 15 . But Ang II does not have any inotropic effect in multicellular ventricular muscle preparations of w x the dog and ferret 11 . In adult rat ventricular tissue, Ang II administration has been shown to elicit either a negative w x w x 16 or a positive 17 inotropic response. This bimodal response of rat ventricular tissue to Ang II may be partly due to differences in pre-contraction muscle length emw x ployed in these experiments 18 . In rabbit ventricular myocardium Ang II induces a PIE in association with an w x acceleration of PI hydrolysis 12 .
The effects of Ang II on the intracellular Ca 2q transient in myocardial cells have also been rather controversial, which implies that a number of factors including the species of experimental animals employed, developmental changes in signal transduction processes, and the experimental procedures and conditions affect prominently the findings. In fura-2-loaded neonatal rat cardiomyocytes a transient increase followed by a sustained decrease in the 2q w x amplitude of Ca transient has been reported 19 . In fura-2-loaded cultured chick cardiomyocytes, Ang II also induced an increase in the amplitude of Ca 2q transient in w x association with acceleration of PI hydrolysis 20 . In contrast to these findings, in indo-1-loaded rabbit ventricular myocytes it was reported that Ang II induced a PIE without an increase in the amplitude of Ca 2q transients w x 2q 10 . More recently, a slight increase in Ca transients in w x an occasional cell 21 or a definite increase in the amplitude of Ca 2q transients by Ang II has been reported in w x indo-1-loaded rabbit ventricular myocytes 22 . The pur-Ž . pose of the present study was therefore twofold: 1 the first objective was to determine, with the use of aequorin, whether the inotropic effect of Ang II is accompanied by an increase in the amplitude of Ca 2q transient in rabbit Ž . ventricular myocardium; and 2 the second objective was to determine whether a part or all of the inotropic effect of Ang II can be attributed to the sensitization of myofilaments to Ca 2q ions. Aequorin was dissolved at a concentration of about 2 mgrml in a solution containing 150 mM KCl and 5 mM HEPES buffer with a pH of 7.5. About 2-3 ml of aequorin were gently injected just beneath the endocardium through a fine-tipped glass micropipette. After aequorin had been injected, the concentration of CaCl was gradually raised 2 Ž . 0.2, 0.4, 0.8, 1.25 and 2.5 mM at intervals of 15 min. Finally, low Ca 2q KHS was replaced with standard KHS and the temperature of KHS was raised to 378C.
Materials and methods

Simultaneous determination of the
The aequorin-loaded muscle was transferred to a 50 ml organ bath specially designed for the simultaneous detection of aequorin luminescence and isometric tension. Experiments were carried out at 378C. The muscle was electrically stimulated by square-wave pulses of 5 ms duration and a voltage about 10-20% above the threshold Ž . at 0.5 Hz SEN 3201, Nihon Kohden, Tokyo, Japan . The Ž . aequorin luminescence was detected as current nA with a Ž photomultiplier 9789A, Thorn EMI Electron Tubes, Ruis-. lip, UK and smoothed through a low-pass filter at 15 Hz. The isometric tension was detected with a strain-gauge Ž . transducer Shinkoh UL-10 GR, Minebea, Tokyo, Japan . Ž Both signals were recorded on a digital audio tape PC-. 108M, Sony Magnescale, Tokyo, Japan for later analysis. The length of the muscle was adjusted to give 90% of the w x maximal force 25 , which may correspond to the sarcomw x ere length of approximately F 2.0 mm 26 . Preparations in which the resting tension increased progressively during an equilibration period were discarded. During the equilibration period of about 120 min, aequorin light declined to a steady low level, indicating that aequorin molecules that was present in the extracellular space had mostly been either washed out of the tissue during perfusion or re-Ž . mained in the interstitial space to be consumed oxidized rapidly when the Ca 2q concentration in the perfusate was w x increased to 1 mM 24 .
Administration of Ang II and elevation of the extracel2q
Žw 2q x . lular Ca concentration Ca were carried out in a o cumulative manner by stepwise increases in concentration.
When the increase in contractile force reached a steady level, the next higher concentration of the drug was admin-
. and " -bupranolol 3 = 10 M , a b-adrenoceptor antagonist, were allowed to act for 30 min before and during w 2q x administration of Ang II or elevation of Ca to avoid o any possible modulation of the drug-induced response by endogenous norepinephrine that might be released during Ž . experiments. Finally, high concentrations of y -isoprote-Ž . renol ISO were administered after washout of the drugs used. Preparations accepted for this study satisfied the Ž . following criteria: 1 aequorin light and contraction were stable during the course of experiments for several hours; Ž . and 2 the responsiveness of aequorin light and contraction to high concentrations of ISO remained high at the end of experiments.
Dimensions and mechanical parameters of papillary Ž . muscles used in the experiments were as follows n s 5 : the average weight, 3.5 " 0.5 mg; length, 5.3 " 0.2 mm; cross-sectional area, 0.6 " 0.1 mm 2 ; qd Frdt , 79.6 " Ž The possibility that Ang II, prazosin, losartan 2-n-
. phenyl-4-yl methyl -1H-benzimidazole-7-carboxylic acid might have direct effects on aequorin luminescence was w x examined by use of an in vitro detection apparatus 27 . A small volume of aequorin solution was rapidly injected into standard KHS in the absence or presence of these drugs. The amplitude and duration of aequorin luminescence were not changed in the presence of these drugs Ž . under the present experimental conditions data not shown . Other drugs used in the experiments have previously been shown to have no direct effects on aequorin luminescence w x 23 .
Statistical analysis
Experimental values are presented as means" S.E. The significance of differences between mean values was estimated by Student's t test. A value of P -0.05 was considered to indicate a significant difference.
Chemicals
The following drugs were used in the present experi- . Ang II 10 -10 M elicited a concentration-dependent increase in the peak aequorin light and contractile Ž y7 . Ž . force in the presence of prazosin 10 M and " -Ž y7 . bupranolol 3 = 10 M as shown in Fig. 1 as the representative tracings during cumulative administration of Ang II. In the same preparation, a high concentration of ISO Ž y5 . 10 M elicited a prominent increase in the amplitude of aequorin light and contractile force.
It has been reported in the rat ventricular muscle that Ang II has either a positive or a negative inotropic effect, w x depending on the muscle length 18 . The influence of the muscle length on the Ang II-induced PIE was, therefore, investigated in the rabbit papillary muscle unloaded with aequorin. By contrast to the rat, the PIE of Ang II was essentially the same at the length that gives 90% of the Ž . maximal force and at L data not shown . The concentrations-response curves for the increase in the amplitude of aequorin light and contractile force in- w 2q x duced by Ang II 10 -10 M and elevation of Ca o Ž . 2.5-15.0 mM are shown in Fig. 4A . Ang II 10 -10 M was also linear, the relationship for Ang II was located to the left of that for elevation of w 2q x Ca , indicating that Ang II elicits an increase in the o myofibrillar Ca 2q sensitivity. 1 2 It was examined whether the effects of Ang II were mediated by AT or AT receptor. In this series of experi- Ž y5 .
Influence of the AT and AT receptor antagonists
were not affected by PD123319 10 M , but they were Ž y6 . almost completely inhibited by losartan 10 M as shown in Fig. 6 . Similar results were obtained in other 4 prepara-Ž tions in one preparation, losartan was administered in the absence of PD 123319, and in another preparation, an AT 1 Ž y7 . receptor antagonist CV-11974 10 M instead of losar-. tan was employed .
Discussion
In aequorin-loaded rabbit ventricular muscles Ang II at 10 y8 -10 y6 M produced consistently a concentration-de2q Ž pendent increase in the peak Ca transient Figs. 1, 2 and . 4A , which was more pronounced than that observed in w x indo-1-loaded rabbit ventricular cardiomyocytes 21 In the rabbit ventricular myocardium, Ang II as well as a-adrenoceptor agonists and endothelin that stimulate PI hydrolysis elicited a PIE that is accompanied by an increase in myofibrillar Ca 2q sensitivity and a negative w x lusitropic effect 22,37-40 . Endothelin and a-adrenoceptor agonists have been postulated to elicit a PIE through stimulation of Na q rH q exchange by PKC activation due to endogenously generated diacylglycerol and resultant intracellular alkalinization in rat ventricular myocytes w x41,42 . Ang II has also been shown to activate Na rH w x exchanger 13 to lead to an increase in intracellular pH w x 10 in rabbit ventricular myocardium. Therefore it appears to be highly likely that the Ang II-induced increase in the myofibrillar Ca 2q sensitivity may be mainly due to intra- 
